CuFeO 2 crystal thin films were successfully prepared by dip-coating technique through solgel route on silica glass substrates. Heat treatment under nitrogen atmosphere was necessary to obtain monovalent Cu and 800900°C firing was indispensable to prepare CuFeO 2 stable phase, and 29 h heat-treatment was appropriate to lower the electrical resistivity. For the dip-coated films, CuO impurity phase was observed in Cu:Fe = 1:1 solution from X-ray diffraction pattern (XRD), and thus the Cu containing solution of Cu:Fe = 0.99:1, 0.97:1, 0.95:1, 0.9:1and 0.8:1 were prepared to eliminate excess CuO phase. Too lower content of Cu such as 0.9:1 and 0.8:1 provided Fe oxides as impurity phase, but slight decrease of Cu iecreased the electric resistivity although CuO was still slightly observed by XRD. The visible transparency of the films was nearly 10%, and some films of conduction type was confirmed as p-type by measuring Hall effect.
Introduction
Transparent conduction oxides, such as In 2 O 3 :Sn and SnO:Sb, are well known and have been widely used in electro-and optoelectronic industries, for instance touch panel displays and solar cells. Currently, common transparent conducting oxides used were n-type semiconductors, and therefore the development of p-type transparent conductors have been strongly demanded to form transparent p-n junction. A series of p-type transparent conducting oxides with delafossite structure was recently prepared using various techniques. 1)11) Most of all works for p-type delafossite have focused on CuAlO 2 , since their high transparency in visible region. However, the suitable heat treatment temperature to well crystallized CuAlO 2 is over 1000°C makes the usage of inexpensive and widely used silica glass substrates inadequate, and hence most of works carried out on expensive transparent and high temperature stable single crystals such as sapphire substrates in the case of solgel method. In contrast, Chen and Wu succeeded the preparation of CuFeO 2 below 1000°C by spin-coating method. 4) Compared to spin-coating method, dip-coating method can be stressed as to be superior in applicable to complicated surface structure and to large substrate. However, no work has been performed in the solgel route preparation of CuFeO 2 using dip-coating technique as far as authors' knowledge. Therefore, the present work reports the proper heat treatment temperature and starting solution composition for solgel route CuFeO 2 thin films preparation by dip-coating technique and investigates light transmitting and electronic properties including Hall effect.
Experimental procedure
The raw materials used were commercially available, analytical grade Cu(CH 3 COO) 2 ·H 2 O and Fe(NO 3 ) 2 ·9H 2 O, and the same grade CH 3 OC 2 H 4 OH was used as a solvent. The sol preparation process was as follows. At first, Fe(NO 3 ) 2 ·9H 2 O was mixed with CH 3 OC 2 H 4 OH and stirred until Fe(NO 3 ) 2 ·9H 2 O was completely resolved at room temperature and then Cu(CH 3 COO) 2 ·H 2 O was added and stirred until completely resolved similarly at room temperature. After subsequent stirring for 24 h at room temperature, the resultant solution prepared was used as the starting sol solution. The flowchart of the preparation process of the sol solution is described in Fig. 1 . The composition of the starting solution was CH 3 OC 2 H 4 OH:Fe(NO 3 ) 2 ·9H 2 O:Cu(CH 3 COO) 2 · H 2 O = 30:1:0.81. The variation of Cu compound amount will be explained in the later section.
In the solgel dip coating procedure, we used silica glasses since they have high transparency and inexpensive convenient materials for the practical use, and since they don't contain high amount of impurity such as alkali ions contaminating conductive oxides and bear high temperature heat treatment up to near 950°C. The glass plates (37.5 mm©15 mm wide and 1 mm thick) were washed with soap and then washed with ethanol in ultrasonic vibrating equipment for 10 min and then heated at 400°C for 3 min after drying. The clipped silica substrates was immersed into the sol solution by 6 cm/min and kept for about 5 s, and then raised by 6 cm/min. Subsequently, the coated silica glasses were preliminary fired at 400°C for 10 min. This cycle was repeated for 5 times. Final heating was carried out at 600900°C for 19 h in the electric furnace under nitrogen gas flow using nitrogen cylinder of over 99.9% purity in about 120 sccm of flow rate.
X-ray diffraction pattern (XRD) was measured to identify the crystalline phases formed by Rigaku Ultima IV with Ni-filtered Cu-K¡ radiation at room temperature. The transmission spectra of the films was obtained by UVVis spectrometer (Nihon Bunko V-600 at room temperature in ambient atmosphere. Scanning electron microscopy (SEM) pictures of the films were taken by SEM of Hitachi S-3400N microscope. The electric conductivity of direct current (DC) was detected after attached aluminum tapes at both edges of the films using digital multimeter (Advantest R6451A). Hall effect of two samples was measured by standard van der Pauw method (Toyo Techniqua ResiTest 8300) after cut the films into 4 mm©4 mm and deposited four indium electrodes in 2 mm distance under 2.0 © 10 ¹4 A and 0.767 Tesla at 300 K.
Results and discussion
Figures 24 depict the dependence of crystalline phases formed after the final heat treatment temperature and time when Cu/Fe in the starting sol solution was fixed as 1:1. In Fig. 2 , there are the evidence to form CuFeO 2 delafossite structure by heat treated at 600 and 700°C, but the peaks are weak and broad, and further one can see the impurity peaks such as CuO, Fe 3 O 4 and CuFe 2 O 4 . XRD patterns of 800°C treatment and those of 900°C treatment are seen in Figs. 3 and 4 , respectively. The raising heat treatment temperature sharpens the CuFeO 2 peak, but the heat treatment time dependence is not clear. Moreover, it should be noted the peak of CuO is clearly detected for all samples, and thus, in order to eliminate CuO formation in the films, the decreasing of Cu amount in starting solution was expected to be effective. Close look of Figs. 24, Most sharp CuFeO 2 peaks with less amount of impurity was obtained by 900°C treatment for 23 h.
The XRD charts for the films with different Cu/Fe starting solutions are shown in Figs. 5 and 6 for after heat treated at 800 and 900°C, respectively. The CuO peak intensity is drastically lowered by decreasing Cu/Fe ratio. Instead, the excess amount of Fe forms Fe 3 O 4 . The relatively sharp peaks of CuFeO 2 are observed at Cu/Fe = 0.9 and 0.95 after 800°C heat treatment and at Cu/Fe = 0.95 and 0.97 after 900 heat treatment for 2 h. It is Journal of the Ceramic Society of Japan 123 [5] 448-451 2015 JCS-Japan indicated that Cu ions in solution is relatively easy to segregate and that enhances the formation of CuO.
DC electrical conductivity values of each samples from Cu/Fe = 1 solution are tabulated in Table 1 . With respect to conductivity, 600°C heat treatment is too low to show measurable conductivity, and thus the temperature is not sufficient to form continuous CuFeO 2 structure. For 700°C heat treatment, heating for long time such as 9 h is necessary to obtain conductive films, but still the DC conductivity ranges 10 ¹4 S/cm. For 800 and 900°C heat treatments are desirable for preparing conductive film in the order of 10 ¹2 S/cm. The highest conductivity obtained is 900°C for 2 h heat treatment as 4.5 © 10 ¹2 S/cm. The influence of Cu/Fe ratio in the starting solution on the DC conductivity is shown in Table 2 . There is not significant change in the values, and all of them can be considered as conductive films. The relatively high conductive films were prepared by the heat treatment at 900°C for 2 h from the Cu/Fe = 0.950.99 starting solutions as over 5.0 © 10 ¹2 S/cm. The decrease of Cu/Fe ratio seems to reduce the formation of CuO as a impurity phase which loweres the electric conduction. The highest conductivity is observed at Cu/Fe = 0.99 as 5.6 © 10 ¹2 S/cm. In this film, the conductive CuFeO 2 phase expected to be contentious, and may yield high conductivity.
With respect to Hall effect measurement in Table 3 , the sign of Hall coefficients are positive and thus the type of conduction of the present CuFeO 2 films are p-type. Although Hall coefficient slightly lowered by decreasing Cu/Fe ratio of the starting solution, carrier density and carrier mobility are rather increase by the decreasing the ratio. Compared to the reference using solgel technique, 4) the conductivity is about half of the reported values, but carrier density is 10 times higher than that reported values and carrier mobility is comparable, Thus, the present films potentially have rather high conductivity by the better connection between microcrystals. Figure 7 shows SEM picture of a typical high conductive dipcoated CuFeO 2 films on silica glass substrate. The film clearly exist on the silica substrate as shown from the cross-section in Fig. 7 . The surface is a little bit rough, but no significant void can be seen, and mean thickness of the film can be estimated from the edge of the picture. The mean thickness of the films is about 7¯m.
One problem of the present films for the practical use is transparency. Figure 8 shows transmittance spectra for the present films. The transmittance of the films are lower than 10%. Although we can see through the films because of the thin thickness, it should be improved by the application. In ref. 4) , there is no comment on transparency. However, the transparency seems to be similar to the present films from their experimental procedure.
The main point obtained here compared solgel preparation with other gaseous technique, the controlling starting composition of the solution is quite important to obtain good conductive films on the glass substrates.
Conclusion
We successfully prepared CuFeO 2 films by solgel dipping technique on the silica glass substrates. Final nitrogen heat treatment was necessary to prevent further copper oxidation. The 600 and 700°C are insufficient to grow conductive films, and at least over 800°C heat treatment was required. The best heat treatment condition was 900°C for 2 h. Since CuO impurity phase was detected in the resultant XRD pattern. We decrease Cu/Fe ratio of the strating solution from 1 to 0.8. Although Fe oxides phase appeared in the decrease of the ratio, CuO peak was weakened. The highest dc conductivity of the present film was observed from the starting solution of Cu/Fe = 0.99 by 900°C for 2 h nitrogen heat treatment as 5.6 © 10 ¹2 S/cm. By the decrease of the ratio carrier concentration and mobility were rather improved detected by Hall effect measurment. The type of conduction was p-type. However, transparency is not good enough and the improvement of transparency is the next point to be overcome for the practical use for transparent p-type film. Journal of the Ceramic Society of Japan 123 [5] 448-451 2015 JCS-Japan
